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SUMMARY

1. Ten subjects collected ten 1 min samples of parotid saliva at a constant flow
rate 1-2 hr before exercise, immediately after running 3-8 miles and 3 hr after
exercise.

2. Exercise had no significant effects on the concentration of sodium, potassium,
calcium, magnesium, chloride, bicarbonate or inorganic phosphate.

3. Exercise caused a marked elevation in total protein concentration and in seven
of the subjects the initial samples after exercise were cloudy due to protein
precipitation. The precipitated protein could be dissolved in sodium EDTA.

4. The saliva samples collected immediately after exercise from the seven subjects
in which precipitation occurred contained higher concentrations of protein, calcium
and phosphate than in those of the other three subjects.

5. Electrophoretic analysis revealed that all proteins appeared to show a propor-
tional increase in the cloudy saliva, as compared with the clear saliva but differential
precipitation of certain proteins occurred in the former which was largely restricted
to proteins having a high affinity for calcium phosphate.

6. Electronmicroscopic examination of centrifuged cloudy saliva produced after
exercise revealed the presence of rounded droplets of homogeneous structure in
contrast to the fine granular deposits produced in clear parotid saliva by in vitro
procedures causing precipitation of calcium phosphate crystals on which protein
adsorbed.

INTRODUCTION

Following moderate exercise such as jogging it is a common subjective experience
that the mouth feels dry and the saliva unusually viscous. Whether there is any
physiological basis for the apparently increased viscosity does not appear to have
received much study.

Salminen & Konttinen (1963) reported that following exercise the sodium concen-
tration doubled and the protein concentration increased by about 50% but with no
change in the potassium concentration in whole saliva. Shannon (1967) noted no
effects of exercise on acid drop-stimulated parotid saliva flow rates or on the
concentration of sodium, potassium, chloride or 17-hydroxycorticosteroids in the
parotid saliva.



The present study was thus designed to test the effects of exercise on the electrolyte
and total protein concentrations in parotid saliva collected under standardized
conditions and to determine whether exercise caused any changes in the relative
proportions of the different salivary proteins.

METHODS

Saliva collection
On three separate occasions, seven male and three female, physically fit young adults or

adolescents collected ten successive 1 min samples of sour lemon drop-stimulated parotid saliva.
The flow rates were maintained constant for each individual by the negative feed-back technique
described by Dawes (1967) and all were between 0-6 and 1-0 ml./min. Briefly, after cannulation
of the parotid duct (Dawes & Jenkins, 1964), saliva was collected into a graduated centrifuge tube
positioned in front of a mirror. By observation the subject was able to calculate the flow rate with
the aid of a stopwatch and regulate the degree of sucking on the acid drop to maintain a constant
flow rate. The three saliva collections were made 1-2 hr before exercise, immediately after running
at a moderately fast pace for 3-8 miles (depending on the physical fitness of the subject) and 3 hr
after the exercise, which was carried out at about 1700 hr. The time of day of the experiment was

chosen to minimize the influence of circadian variations in salivary composition (Dawes, 1974a).
Lunch was consumed about 12 noon, 3 hr before the first saliva collection. A previous study (Dawes
& Chebib, 1972) revealed that when similar saliva collections were separated from each other by
two hours or more, there was no evidence of serial dependency.
One subject repeated the above procedure on several different days to cover a wide range of

constant flow rates for parotid saliva, including collection of unstimulated parotid saliva. On one

occasion, submandibular saliva was collected at a constant flow rate of 2 ml./min from both the
right and left submandibular ducts using the collection device described by Truelove, Bixler &
Merritt (1967).

Analytical techniques
The saliva was analysed for sodium, potassium, calcium and magnesium by atomic absorption

spectroscopy (Dawes, 1967, 1969), chloride by a coulometric method (Cotlove, Trantham &
Bowman, 1958), inorganic phosphate by the method of Chen, Toribara & Warner (1956) as modified
for saliva (Dawes, 1969) and total protein by the method of Lowry, Rosebrough, Farr & Randall
(1951). The bicarbonate concentration was computed as described previously (Dawes, 1974b).
Anionic slab gel electrophoresis of salivary proteins (about 350jug) in 7 5% polyacrylamide was

carried out for 2-5 hr in a Multiphor (LKB Produkter AB. Bromma, Sweden) with a current of 45 mA
and using the gel reagents described by Davis (1964). The gels were stained for protein with a

mixture of 0-25 % Coomassie Brilliant Blue 250 and 0-5% Wool Fast Blue BL in methyl alcohol,
water, acetic acid (5:5:1) and destained in 7% acetic acid. A preliminary study showed that more

bands were stained by the combination of dyes than by either dye alone.

Salivary protein precipitation
Since protein precipitation was present in many of the saliva samples collected after exercise,

various methods were used to induce salivary protein precipitation in clear saliva to allow
comparison of the different precipitates both electrophoretically and electronmicroscopically.
Precipitation was induced by addition of small volumes of either 1 M-calcium chloride or
M-potassium phosphate at pH 7-5 to clear parotid saliva which had been either untreated or mixed
with sufficient disodium ethylenediaminetetracetate (sodium EDTA) to chelate all the calcium and
then dialysed exhaustively against either 50 mM-sodium chloride, 50 mM-sodium chloride containing
4 mM-potassium phosphate at pH 7-5 or 50 mM-sodium chloride containing 2 mM-calcium chloride.
The sodium EDTA was added initially to prevent the spontaneous precipitation which sometimes
occurs when saliva is cooled, as during the dialysis at 4 'C. When precipitation of protein occurred,
by adsorption on precipitated calcium phosphate, the saliva was centrifuged at 12,000 g and the
protein precipitate redissolved in 3-75% sodium EDTA at pH 8-6 before further analysis by slab
gel electrophoresis. The protein precipitate in saliva collected immediately after exercise was

prepared for slab gel electrophoresis in a similar manner.
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Protein precipitation was also induced in clear parotid saliva which had been mixed with

sufficient sodium EDTA to chelate all the calcium, extensively dialysed against water, lyophilized
and reconstituted in sufficient saliva or electrolyte solution to yield a protein concentration of
800-4000 mg/100 ml. The electrolyte solution had a composition similar to that of saliva and
contained 15 mM-NaHCO3, 5 mm-KH2PO4, 20 mM-KCI, 1 mM-CaC12 and 0-02 mM-MgSO4, adjusted
to pH 70.

Electron microscopy
With a technique similar to that described by Blomfield, Dascalu, van Lennep & Brown (1973),

salivary protein precipitates were isolated by centrifugation, fixed with 5% glutaraldehyde in 0 1 M-
phosphate buffer at pH 7 3, for 4 hr, washed in 5% sucrose buffer and post-fixed in 0-8% osmium
tetroxide. Thin sections were stained with uranyl acetate and lead citrate and examined with a
Hitachi HU-12 electron microscope. Addition of 5% glutaraldehyde in phosphate buffer to clear
parotid saliva did not cause any detectable protein precipitation.

RESULTS

As tested by analysis of variance, the concentrations of sodium, potassium,
calcium, magnesium, chloride, bicarbonate and phosphate were not significantly
affected by the exercise or by the sex of the subjects and the combined results for
the ten subjects are shown in Figs. 1 and 2. The initial increase in bicarbonate and
decreases in potassium, magnesium, chloride, phosphate and protein with duration
of stimulation have been reported previously (Dawes, 1967, 1969). The large standard
errors for the sodium and chloride results (Fig. 1) are due to the very large inter- rather
than intra-individual variation.

Preliminary studies in which saliva was collected into tubes under a stream of 5%
carbon dioxide in nitrogen, to avoid changes in pH during collection, revealed that
exercise had no specific effect on salivary pH which, because of the change in
bicarbonate concentration (Fig. 1), increasedprogressivelyduringthe 10 min collection
from about 6-9-7-5, as found previously (Dawes, 1969).
The total protein concentration was markedly elevated immediately after exercise

(Fig. 2) and in seven ofthe subjects the initial samples were very cloudy due to protein
precipitation. In the one subject studied in more detail, the cloudiness appeared after
exercise at all flow rates, with both stimulated and unstimulated parotid saliva as
well as in submandibular saliva. In all subjects the cloudy saliva regained its normal
water-like appearance after a few minutes of continued stimulation but the
unstimulated saliva remained cloudy and with elevated protein concentration for the
duration of the 40 min collections. Both unstimulated and stimulated cloudy saliva
became quite clear on addition of sufficient sodium EDTA to chelate all the calcium,
whereas addition of a similar volume of a buffer with no calcium-complexing ability,
such as Tris-glycine at the same pH, had no effect on the cloudiness.

In the first sample collected after exercise the mean and S.E. of mean values for
the protein, calcium and inorganic phosphate concentrations for the seven subjects
showing protein precipitation were 889 + 181 mg/ 100 ml., 0 85 + 0-08 mm and
5-26+0-69 mM, respectively. For the three subjects whose saliva remained clear the
corresponding values for protein, calcium and inorganic phosphate were 446+46
mg/100 ml., 0-58+ 0-12 mm and 3-01 + 0-53 mm, respectively. These differences just
failed to reach statistical significance possibly because of the small number of subjects
in the second group. Of these three subjects, two showed no change in protein
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Fig. 1. Effects ofexercise on the sodium, chloride, potassium and bicarbonate concentrations
(mM) in parotid saliva from ten subjects. The bar lines indicate the standard error of the
mean.
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EFFECTS OF EXERCISE ON HUMAN PAROTID SALIVA 143
concentration in saliva collected following exercise, as compared with before or 3 hr
after exercise whilst the other subject showed only a slight increase following exercise.
The gel electrophoresis revealed that in comparison with clear saliva produced

before exercise or after several minutes of gustatory stimulation after exercise
(PI. 1A, slot 1), the cloudy saliva produced immediately after exercise showed no
change in the relative proportions of the different proteins (PI. 1 A, slot 2).
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In the cloudy saliva, there was selective precipitation of particular proteins which
was revealed by centrifuging 1 ml. cloudy saliva and redissolving the precipitate in
sodium EDTA before slab gel electrophoresis (P1. 1 A, slot 3). The identical proteins
were precipitated (P1. 1 A, slot 4) by first dialysing saliva to remove the electrolytes
and then lyophilizing and reconstituting in an electrolyte solution to a higher
concentration (about 2000 mg/100 ml.), as described in the Methods. Many of the
same proteins, but not all, were precipitated from 10 ml. of clear parotid saliva
(P1. 1 A, slot 5) by the addition of as little as 10/I. 1 M-calcium chloride, an amount
sufficient to double the normal calcium concentration.
When larger amounts of calcium (250 1I. 1 M-calcium chloride) were added to 10

ml. parotid saliva, a much heavier precipitate was produced which only partially
redissolved in 60 ,l. sodium EDTA. After centrifugation in a Beckman Airfuge at
160,000 g, gel electrophoresis of the supernatant gave the results shown in P1. 1 A,
slot 6. The undissolved precipitate was suspended in 1 ml. sodium EDTA and
extensively dialysed against water before lyophilization and addition of 60 jd. sodium
EDTA. The lyophilized material dissolved almost completely and gel electrophoresis
revealed the protein pattern shown in P1. 1 A, slot 7.

Addition of 1 M-calcium chloride to the saliva dialysed against 50 mM-sodium
chloride did not cause precipitation of protein but such precipitation occurred
when as little as 10 jA. 1 M-calcium chloride was added to 3 ml. saliva dialysed
against 50 mM-sodium chloride containing 4 mM-phosphate. Likewise, addition of
1 M-potassium phosphate at pH 7-5 to saliva dialysed against 50 mM-sodium chloride
did not cause protein precipitation but precipitation occurred when the phosphate
was added either to normal, clear parotid saliva or to the saliva dialysed against
50 mM-sodium chloride containing 2 mM-calcium chloride. The precipitated proteins,
after centrifugation and solubilization in sodium EDTA gave electrophoretic patterns
similar to those shown in P1. 1 A, slot 5.

In one study on submandibular saliva, exercise also had no obvious effects on
electrolyte secretion but caused a very significant increase in protein concentration
to values about 150% of those in the collections preceding exercise and 3 hr
afterwards.

Electronmicroscopy of the material obtained by centrifugation of the cloudy saliva
obtained immediately after exercise from three of the subjects gave the results shown
in P1. 1 B. The precipitate appears to consist mainly of rounded droplets of a
homogeneous consistency.

Plate 2 illustrates results obtained on the precipitate formed after addition of
calcium chloride to clear parotid saliva. This precipitate appears to be of a fine,
granular nature. A similar picture was obtained after electronmicroscopic examination
of the insoluble protein remaining after lyophilization of clear parotid saliva and
reconstitution in either water or electrolyte solution.

DISCUSSION

The present study confirms the findings of Shannon (1967) that moderate exercise
has no significant effects on the sodium, potassium and chloride levels in parotid
saliva. In addition, the results show no effect of exercise on the calcium, magnesium,
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EFFECTS OF EXERCISE ON HUMAN PAROTID SALIVA 145
bicarbonate or phosphate concentrations. Shannon (1967) also found no significant
effects of exercise on the flow rates elicited by extra-strong acid drops and this study
(where flow rates were maintained constant but at relatively high rates) confirms his
findings to some extent in that immediately after exercise none of the subjects had
any difficulty in maintaining the required flow rate.

In contrast, Salminen & Konttinen (1963) reported higher sodium and protein
concentrations in unstimulated whole saliva following exercise. Unfortunately they
did not record flow rates, although both sodium and protein concentrations are known
to be flow-rate dependent and, in addition, the relative contributions to whole saliva
from the different glandular sources may well have been altered by exercise.

Gilman, Thornton, Miller & Biersner (1979) reported, in abstract form, that
potassium and oz-amylase concentrations were significantly elevated in parotid saliva
after exercise. Unfortunately no data were given, flow rates were not mentioned and
it was not stated whether unstimulated or stimulated saliva was collected.
A striking finding of the present study was the very high protein concentration

in the saliva collected from most of the subjects immediately after exercise (Fig. 2).
The elevated protein concentration after exercise may account for the subjective
feeling of increased salivary viscosity which is typically experienced.

Exercise is known to increase sympathetic activity (Ganong, 1979) and the high
protein concentration following exercise may be due to increased fl-sympathetic
activity to the salivary glands as protein secretion from human parotid glands is
increased by sympathetic activity created by sudden body cooling or inhalation of
isoprenaline (Speirs, Herring, Cooper, Hardy & Hind, 1974).

Denniss, Schneyer, Sucanthapree & Young (1978) have shown that sympathomi-
metic agents can influence electrolyte transport by the isolated ducts of the rat and
rabbit submandibular glands. However, the present study could not demonstrate any
changes in salivary electrolyte composition during the period immediately after
exercise when sympathetic activity was presumably at its highest, as judged by the
markedly elevated protein secretion.

In the majority of subjects, exercise caused differential precipitation of certain
salivary proteins (P1. 1 A, slot 3) which bear a strong resemblance, as judged by their
electrophoretic mobility, to the parotid salivary proteins found by Hay (1973) to
adsorb to hydroxyapatite and which may be involved in deposition of the acquired
pellicle on exposed surfaces of enamel.

Electronmicroscopically (P1. 1 B), the protein precipitate had the appearance of
droplets similar to those described by Blomfield, Allars, Rush, van Lennep & Brown
(1974) as being present in parotid saliva from children with cystic fibrosis which had
become turbid after cooling. Blomfield et al. (1974) argued that the droplets were not
identical with the zymogen granule spherules present in some samples of turbid
submandibular saliva from normal subjects (Caldwell & Shackleford, 1967) or from
subjects with cystic fibrosis (Blomfield et al. 1973) but that they were colloidal
suspensions of aggregated protein. If the precipitate in the cloudy saliva produced
after exercise had been composed of zymogen granule spherules, which would
presumably contain most ofthe salivary proteins, depending on the contribution from
granular ducts, one would have expected the electrophoretic pattern (P1. 1 A, slot 3)
to be largely the same as that for whole parotid saliva (P1. 1 A, slot 1). However, these
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patterns are clearly different from each other. This suggests that the cloudiness is
due to selective precipitation of salivary proteins in colloidal aggregates and that
these proteins are electrophoretically identical to those which do not redissolve after
reconstitution of lyophilized saliva in water or electrolyte solution (P1. 1 A, slot 4).
However, these two types ofprecipitates were not identical at the ultrastructural level
since the latter proteins had a similar appearance to the fine granular deposits
produced in clear parotid saliva by procedures causing precipitation of calcium
phosphate with subsequent protein adsorption on the calcium phosphate crystals
(P1. 2).
The results suggest that calcium was necessary for the protein precipitation after

exercise since the cloudy saliva could be clarified by addition of sodium EDTA, but
not by other buffers lacking the ability to chelate calcium. In addition, the results
of the experiments in which protein could not be precipitated by addition of calcium
or phosphate ions to saliva dialysed against saline alone but only when the saliva
had been dialysed against saline containing phosphate or calcium, respectively,
indicate that calcium phosphate rather than calcium alone, is the key factor. This
conclusion is also supported by the finding that when lyophilized salivary protein,
which had previously been dialysed against sodium EDTA and then water, was
reconstituted in electrolyte solution to a high protein concentration, precipitation
only occurred when the solution contained both calcium and phosphate ions. Leach
(1977), in studies on calcium precipitation of submandibular salivary proteins, also
concluded that the presence of phosphate was critical and that the proteins which
precipitated were actually adsorbed to calcium phosphate crystals. Thus it seems
significant that the saliva samples collected immediately after exercise in the three
subjects who did not show protein precipitation contained the lowest concentrations
of protein, calcium and phosphate.
The proteins which could be precipitated by addition of small amounts of calcium

chloride to clear parotid saliva (P1. 1 A, slot 5) were similar to, but not identical with
the proteins precipitated after exercise. The addition to clear saliva of larger amounts
of calcium chloride caused a much heavier precipitation of calcium phosphate and
the deposition of other proteins which normally adsorb less strongly to calcium
phosphate. Hence these redissolved more readily in amounts of sodium EDTA
insufficient to dissolve completely all the calcium phosphate precipitated (P1. 1 A,
slot 6). Complete solution of the precipitate in an excess of sodium EDTA and
subsequent removal of the latter and the calcium phosphate by dialysis left the
proteins which have a strong affinity for calcium phosphate (P1. 1A, slot 7).
The precipitation of protein after exercise occurred without a significant change

in the salivary calcium and phosphate concentrations or in the pH and is presumably
due simply to the increased protein concentration. However, the degree of cloudiness
in the saliva produced after exercise appeared to be greater than that in dialysed
saliva which had been lyophilized and reconstituted in either electrolyte solution or
in clear parotid saliva to an equivalent protein concentration. This difference is
presumably caused by differences in the actual mechanism of protein precipitation
because although the same types of proteins were present in the two types of
precipitate, their ultrastructural appearances were entirely different.

Saliva is normally supersaturated with respect to hydroxyapatite (McCann, 1968)
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and a very important function of certain salivary proteins is that they inhibit calcium
phosphate precipitation in saliva by binding onto the surfaces of early crystal nuclei
(Gron & Hay, 1976). One might thus have anticipated that an increased salivary
protein concentration would, if anything, have inhibited precipitation in association
with calcium phosphate. Further studies are needed of the factors influencing protein
precipitation in saliva.

I thank the subjects for their cooperation, Mrs T. Beaton for excellent technical assistance, Dr
G. R. Holland and Mr D. Craw for the electron microscopy, Dr F. S. Chebib for statistical advice,
and the Medical Research Council of Canada for financial support.
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EXPLANATION OF PLATES

PLATE 1

A, Slab gel anionic polyacrylamide gel electrophoresis of parotid salivary proteins. See text for
details of source of proteins in the seven slots. The plus sign indicates the position of the anode.
B, electron micrograph of the centrifuged deposit of cloudy parotid saliva obtained immediately
after exercise.

PLATE 2
Electron micrograph ofthe centrifuged precipitate formed after addition ofcalcium chloride to clear
parotid saliva.
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